We report a detailed study of the ultra slow domain wall motion controlling the magnetization reversal process in ferromagnetic thin films under weak applied fields, in the stationary creep regime, where the domain wall jumps between deep metastable states through thermally nucleated localized displacements. By determining the areas irreversibly reversed in consecutive time windows of different durations, we are able to resolve the non-gaussian statistics of the intermittent domain growth, for domain wall mean velocities as small as v ≈ 1 nm s −1 . Our observations are consistent with the existence of creep avalanches: roughly independent clusters with broad size and ignition waiting-time distributions, each one composed by a large number of spatio-temporally correlated thermally activated elementary events. We experimentally confirm that the large scale geometry of domain walls is better described by depinning rather than equilibrium exponents.
Considerable efforts have been dedicated to control the dynamics of domain walls [1] and magnetic skyrmions [2, 3] , as promising candidates for devising new magnetic storage devices. The usually unavoidable presence of quenched disorder can be harmful for such applications however. For the domain wall dynamics case in particular, even a weak disorder has a rather dramatic effect, notably the breakdown of the finite temperature linear response of the mean velocity to small applied fields [4, 5] . In this so called creep regime, disorder tends to rapidly arrest domain wall motion and to induce glassy behaviour. A better understanding of the impact of disorder in the low velocity regimes is thus fundamental and may serve as a starting point for new developments.
Most of the experimental studies on weakly driven domain wall (DW) motion, including very recent ones [6] [7] [8] [9] [10] , focused on the universal features of the steady DW mean velocity vs the field H and temperature T , but not in its spatio-temporal fluctuations. Such kind of study has been mostly assesed in systems exhibiting large deterministic collective events when slowly driven near a well defined depinning threshold. For example, avalanche size distribution and its universal properties has been discussed in the context of Barkhausen noise [11] , contact lines of liquids [12] , crack propagation [13] and even in reaction fronts in disordered flows [14] and active cell migration [15] . Systematic studies of thermally activated collective events well below depinning threshold, fundamental to understand creep motion in terms of elementary magnetization reversal events, are much scarce [16] however.
Tackling a detailed statistical study of magnetization reversal events is particularly interesting as quite recent theoretical studies of ultra-slow creep motion of a force driven one dimensional domain wall model in a two dimensional disordered medium [17] have unveiled rather unexpected and non trivial spatio-temporal patterns. Numerical simulations show that creep motion of a one dimensional interface model proceeds via a sequence of elementary events (EE) of fluctuating sizes. These EE are the minimal thermally activated jumps that make the domain wall overcome energy barriers and irreversibly advance in the direction of the applied force, proportional to the applied field H for magnetic DW. The size statistics of EE display broad distributions, with a characteristic lateral size cut-off L opt ∼ H −3/4 and a characteristic area size S opt ∼ L
5/3
opt . These results confirm the existence of an optimal "thermal nucleous", as proposed in the pioneer phenomenological creep theories [4, 5] . Since energy barriers for DW motion scale as [18] , Arrhenius activation of these nuclei at low temperatures leads to the celebrated creeplaw ln v ∼ −H −1/4 /T for the mean velocity v as a function of field H and temperature T . The EE are not normally distributed in size and are not independent as traditionally assumed. On one hand, below S opt , EE areas are power-law distributed as P EE (S) ≈ S −τEE G(S/S opt ), with τ EE a characteristic exponent and G(x) a rapidly decaying function for x > 1. On the other hand, EE tend to cluster in space and time forming larger cluster events (CE). These CE are similar to the so called "creep avalanches" suggested by functional renormalization group calculations in Ref. 18 and experimentally noticed in Ref. 16 . Such composite objects are, unlike EE, weakly correlated and have in turn a much broader distribution of areas in the low mean velocity limit, P CE (S) ∼ S −τCE with τ CE a universal exponent. Remarkably, τ CE ≈ τ , where τ is the one expected for the size distribution of the so-called deterministic depinning avalanches [19] , obtained by driving the system near the depinning threshold at zero temperature. These interesting results were not yet confirmed experimentally nor by arXiv:1804.09572v2 [cond-mat.dis-nn] 4 Jun 2018 other theoretical approaches.
In this Letter we experimentally test the above scenario by analyizing the magnetization reversal process in ferromagnetic Pt/Co/Pt thin films. We follow a very simple protocol: at a given temperature T and field H within the creep regime, we isolate a single domain wall, and detect the sequence of irreversibly reversed areas in consecutive time windows of duration ∆t. We call each spatially compact magnetization reversal area a detected "window-event" (WE), in order to differentiate it from the intrinsic collective events EE and CE of Ref. 17 . Then, by performing a statistical study of a large number of such WE we obtain their size distribution, P WE (S) ≡ P WE (S; ∆t, T, H), which is the central quantity of our analysis. Our main result is that for mean velocities of the order of v ∼ 1 nm s −1 , P WE (S) is broad, even for ∆t in the time scale of minutes. We show that the features displayed by P WE (S) as a function of ∆t, T and H are qualitatively and quantitatively consistent with the picture summarized above of rare localized (EE) acting as epicenters of large CE or "creep avalanches", each made of a large number of spatio-temporally correlated EE. Our analysis of the intermittent collective domain wall motion also allow us to go beyond the geometric predictions of Ref [17] , where the time variable is not included. We argue below that the ultra-slow domain growth process may be described as a continoustime continous-jump random-walk: the size of the effective "random walk steps" are sampled from the CE size distribution and the time intervals between them determined by the thermal activation over the energy barrier distribution of the EE that act as CE epicenters.
Experiments were performed on a Pt/Co/Pt ultrathin ferromagnetic film and polar magneto-optical Kerr effect (PMOKE) microscopy was used to image magnetic domains. In order to characterize the domain wall dynamics, starting with a seed magnetic domain, a train of magnetic field pulses of duration t and intensity H were applied perpendicular to the film plane to favour the growth of the initial domain. Domain wall velocity was then computed following a standard differential protocol (see Supp. Mat. for further experimental details). After identifying the creep regime in the H − T plane by fitting the creep-law ln v ∼ −H −1/4 /T , we fix T to two possible values, room temperature and 50
• C, and choose H = 46.1 Oe and H = 24.2 Oe respectively, such that v ∼ 1 nm s −1 in each case. We then analyze the magnetization reversal events at each temperature, for a total applied field time t = 27000 s (i.e. 7.5 hours). Since the characteristic areas of EE are expected to scale as S opt ∼ H −5/4 , and the energy barriers for nucleation as U opt ∼ H −1/4 choosing fields deep in the creep regime allows us to maximize, in principle, our spatial and temporal sensitivity to intrinsic collective events. For these fields we indeed observe a clear intermittent (i.e. not smooth) growth. To characterize it statistically, during the long-time magnetic field pulse of t = 27000 s, we stroboscopically observe the growth at intervals ∆t, such that t ∆t. The duration ∆t is much larger than the acquisition time of each image, and much smaller than the pulse time t so to collect a large number of events. We discard WE touching any border of the region of interest in order to not underestimate their area. This allows us to compute their area distribution, P WE (S), for different ∆t and T . Magnetization reversal events were previously obtained in irradiated Pt/Co/Pt samples [16] , identifying between 30 and 50 events depending on field values. In the present work we were able to obtain thousands of WE, thus allowing a more precise statistical description, amenable to comparison with the universal theoretical predictions (see Supp. Mat. for further experimental details). In Fig.1 we show typical WE sequences, for four different values of ∆t, from a 15 s to 120 s. From the pictures we can appreciate that, for a given growth, each ∆t induces a particular partition of the total reversed area of the sequence. At large ∆t the coalescence of several smaller WE corresponding to smaller ∆t becomes evident. In Fig. 2(a),(b) we compare size distributions P WE (S), from ∆t = 15 to 180 s at room temperature T =RT and a field H = 46.1 Oe, and from ∆t = 20 to 160 s at T = 50
• C and a field H = 24.2 Oe respectively. The first remarkable feature of all these distributions is their broadness, which can be roughly described by P WE (S) = S −τWE G WE (S/S WE ), where τ WE is an effective power-law exponent and S WE the cut-off value such that the function G WE (x) is constant for small x and decays faster than a power-law for x 1. Both τ WE and the large-size cut-off S WE depend on ∆t. As can be appreciated in Fig.2 (a)-( in the first case, and S WE ≈ (3∆t) 1/2 µm 2 s −1/2 in the second one. In order to further explore the WE statistics in Fig 3(a) we analyse for T =RT the approximately oblong shapes of WE by plotting the areas S i of each WE sampled from a long sequence, versus their corresponding lateral size L i , defined as the major axis length of the reversed blobs. A crossover is observed at S ≈ 2 µm 2 below which we observe a S i ∼ L
i
scaling [20] . Since EE of Ref. [17] are power-law distributed with an exponent τ EE ≈ 1.17 it is tempting to directly compare small ∆t WE, which are also typically small, to EE. A rough estimate for the Pt/Co/Pt films we study shows that the largest EE are of the order of S opt = Given the small area of the EE compared to our detected WE, a pure statistical analysis is convenient. If the EE were considered independent and accumulating at a well defined rate on each WE, by virtue of the central limit theorem we would naively expect P WE (S) to develop an approximate gaussian shape around N EE s. P WE (S) shows no tendency to approximate a normal nor even a peaked distribution however: it is broad, even for ∆t in the minutes time scale. To interpret this it is worth recalling that the central Limit Theorem tell us that S WE ≈ NEE i=1 s i should converge to a Gaussian distribution if N EE is large enough and the s i have finite variance and short-ranged correlations [22] . The EE have finite variance and, although they appear to be spatially correlated, there is no evidence of correlation between their areas [17] . We hence interpret that N EE must be a strongly fluctuating quantity for all the ∆t analysed. Indeed, we experimentally observe for a fixed ∆t both well defined bursts of magnetic activity, with S WE ≫ 0.3 µm 2 , coexisting with WE in the resolution edge S WE 0.3 µm 2 , at the same H and T . Since any PMOKE resolved area S WE > 0.3 µm 2 has a large number of EE we arrive to the first important conclusion of our paper: EE events are strongly clustered spatio-temporally.
The above conclusion is consistent with the EE clustering predicted for simple domain wall models [17, 23] . To go beyond, since EE are too small to be experimentally resolved, one is inmediately tempted to compare our experimentally resolved WE with the predicted CE. Indeed, unlike EE, CE are not expected [17] to be strongly correlated as we also observe for WE. Moreover, the predicted value for τ CE ≈ 1.11 is only slightly above τ WE ≈ 1 observed in Fig. 2(d) for the smallest ∆t. To argue that WE may indeed approach the single intrinsic CE in the small ∆t limit, we start by noting that the same scaling of zero temperature depinning avalanches,
, is also expected for CE [17] at finite temperature. If at the scale of such WE, DWs are well described by the 1d quenchedEdwards-Wilkinson (qEW) universality class, we expect ζ d ≈ 1.25 for the roughness exponent. Such value is in good quantitative agreenment with Fig. 3(a) , in the small size WE [24] . In addition Fig. 2(d) is quantitatively consistent with the relation τ CE = 2 − 2/(1 + ζ d ) ≈ 1.11 predicted for qEW. Noteworthy, a smaller roughness expo-nent 0.69±0.07 was observed in extended DW in the same material in the pionering work by Lemerle et. al. [25] , and interpreted to be the equilibrium exponent ζ eq = 2/3. Such interpretation implies an observation scale below L opt [26] . However, from Ref. 25 we infer L opt ≈ 0.18 µm, lower than their PMOKE resolution of 0.28 µm. To investigate this issue in Fig. 3(b) we computed the squared width 25 . We thus conclude that a spatial crossover from the qEW value ζ d ≈ 1.25 to a non-equilibrium exponent ≈ 0.69 ± 0.07 must exist [28] . Besides such speculation, we arrive to the second important message of our paper: WE approach single CE in the small ∆t limit and we confirm that, above L opt , the DW roughness is better described by depinning rather than equilibrium exponents [26, 29] . The behaviour at large ∆t, where the probability to observe single CE in a WE decreases, is directly related to the behaviour of the large-size P WE (S) cut-off, S WE , with ∆t. In such regime we can regard each WE area as the sum of a given number N CE of cluster areas, S WE = NCE j=1 S j . As N CE can only grow irreversibly with ∆t, so does the large size cut-off S WE . Naively one may think that S WE should linearly increase with ∆t because the sum of all WE areas observed in a region of a fixed lateral size L should grow as Lv∆t in a steady-state regime. As shown in Fig. 2(c) we find instead a sub-linear increase S WE ∼ (∆t/t * ) 1/2 . To make sense of this striking observation it is instructive to regard the area S WE vs. ∆t, as a continous-time continous-jump random-walk, with random CE area increments S j and waiting times δ j for the ignition of a new CE, such that ∆t = NCE n=1 δ n . If we assume that the δ i are distributed according to ψ(δ) ∼ t * α δ −(1+α) , with 0 < α ≤ 1, we get ∆t ∼ t * N
1/α CE
for the typical number of events N CE in a ∆t. Since the same heuristic arguments apply for the broadly distributed CE we get S WE ∼ N 1/(τCE−1) CE . Combining the two last results we get S WE ∼ (∆t/t * ) α/(τCE−1) , which fairly describes our data of Fig.2(c) if α/(τ CE − 1) ≈ 1/2. Using τ CE ≈ 1.11 we obtain α ≈ 0.05.
Broad waiting-time distributions can be physically motivated for creep motion [30, 31] and observed numerically close to the depinning threshold [32] (see Supp. Mat. for a discussion). Since clustering of EE inside a CE imply that not all EE have the same activation barrier we will argue that the δ i actually correspond to the thermal nucleation of the special EE that act as CE epicenters. These EE may be associated to the important ones allowing to escape from dominant configurations, and the waiting times determined by their barrier distribution [29] . In Ref. 30 α = T /T d , with T d a characteristic energy that can be obtained fitting the creep law to the velocity. We thus obtain ≈ 0.04 for T = 293K and ≈ 0.06 for T = 323K (see Supp. Mat.) in good agreenment with the time-scaling of S WE we observe in Fig. 2(c Mat.), slightly below but again close to the one empirically obtained. The systematic study as a function of T and H that would allow to further test both proposals is unfortunately out of the scope of our paper. The previous observations lead us however to argue that WE give access not only to the CE area (at small ∆t) but also to the waiting-time statistics (at larger ∆t). As CE start at a seed EE, the δ i must be controlled by their energy barrier distribution [33] .
From our results the following picture emerges. Creep dynamics is driven by EE with a broad size distribution and a large size cut-off controlling the mean velocity. The seed EE that trigger a cascade of extra EE are separated by broadly distributed waiting times. Repeated, this collective process of ignition and correlated growth produce independent CE statistically very similar to depinning avalanches, that may coalesce into larger compact objects. Hence, CE can be truly regarded as "creep avalanches".
